Collisions and electrocutions on power lines are known to kill large numbers of birds annually on a global scale. We conducted comprehensive research focused on bird mortality caused by 22 kV and 110 kV distribution power lines in 13 Special Protection Areas in Slovakia. In the period between December 2014 and February 2016, 6,235 km of power lines were inspected twice during two periods (12/2014-03/2015 and 04/2015-02/2016) of field survey. In addition an intensive study was conducted during the second field survey at onemonth intervals on power lines identified as the most dangerous for birds to collide with. As a result, 4,353 bird carcasses and bird remains representing 84 bird species and 14 orders were identified. Electrocution was suspected for 76.72% and collision for 23.28% of fatalities. Raptors were associated with 40% of all identified victims of electrocution. Two peaks of incidence were recorded, the first in March with a high rate of electrocutions as well as collisions of swans, pheasants, common blackbirds, ducks and herons, and the second in September predominantly featuring electrocution of raptors, magpies and corvids. We were unable to quantify seasonal patterns of mortality due to the limited sample of repeated mortality surveys resulting from the large grid of inspected power lines. We conducted comprehensive statistical analysis of more than 100 configurations of pylons and calculated their potential risk towards birds. Strong spatial correlation was revealed in the data set. Metal branch pylons and corner pylons with exposed jumper wires passing over the supporting insulators above the cross arms were the most dangerous configuration, accounting for 34.72% of total recorded electrocution fatalities (0.13 carcass/pylon). Cases of electrocution were also recorded for two bird species of major conservation concern in Slovakia: saker falcon (Falco cherrug) and eastern imperial eagle (Aquila heliaca). The results of this study may substantially improve conservation management and policies needed to reduce bird mortality.
Introduction
Depending on the type of construction, power lines may cause fatal injuries and death to birds due to electrocution and collision. Electrocution is a worldwide problem identified especially on mediumvoltage types of power line (1-52 kV). It has been documented in a number of earlier and more recent reports from the USA (APLIC 2006 , Lehman et al. 2010 , Dwyer et al. 2015 . The problem has also been described in various countries in Asia, e.g. Mongolia, Saudi Arabia, India, Dagestan (Gombobaatar et al. 2004 , Harness et al. 2008 , Karyakin et al. 2009 , Shobrak 2012 , Gadziev 2013 and in Europe (Ferrer et al. 1991; Janss & Ferrer 2001 , Haas et al. 2005 , Demerdziev et al. 2009 , Samushenko et al. 2012 , Demerdziev 2014 , Demeter et al. 2018 ). Several of the available studies include quantified avian electrocution rates. The highest risk is associated primarily with mediumvoltage power lines representing very attractive perches to many birds in open rural areas without tree growth (APLIC 2006) . The group most threatened with electrocution are defined as the diurnal bird species, specifically eagles, hawks, vultures, kites, falcons, owls, storks and corvids (Haas et al. 2005 , Guil et al. 2011 , Prinsen et al. 2011 , Ferrer 2012 , Gadziev 2013 , Fransson et al. 2019 , Škorpíková et al. 2019 ). The highest mortality rate due to electrocution is registered mainly for mediumsized and large birds. In certain cases it can have significant negative effect on the species, either on the local scale or even at the population level, such as has been documented for the saker falcon (Harness et al. 2008 , Kovács et al. 2014 or imperial eagle (Bagyura et al. 2002 , Karyakin et al. 2009 , Demeter et al. 2018 .
Collisions of birds with electrical lines represent a significant mortality factor for several species. They have been noted as an important cause of mortality and they vary with habitat, local avian populations, line design (Ward & Anderson 1992 , Koops 1994 , Roig & Navazo 1997 , Hunting 2002 , Bevanger & Brøseth 2004 , Wright et al. 2008 , APLIC 2012 , Shobrak 2012 , Sporer et al. 2013 ) and line orientation (Brown 1993) . Power lines crossing the birds' daily movement corridors can be particularly problematic (Bevanger & Brøseth 2004 , Frost 2008 , Stehn & Wassenich 2008 . There are great differences between habitats: on grassland there are 113 collisions/km/year; on agricultural land 58 collisions/km/ year, and near river crossings 489 collisions/km/year (Erikson et al. 2005) . Collision risks also are exacerbated during low light, fog, or inclement weather conditions (Savereno et al. 1996 , APLIC 2012 .
Bird casualties due to collision with aboveground power lines can happen on any electricity grids (distribution or transmission) (Bahat 2008 . Larger, heavybodied birds with short wing spans and poorer vision (Kelly & Kelly 2009 ) are more susceptible to collisions than smaller, lightweight birds with relatively large wing spans, agility and good vision (Bevanger 1998 , APLIC 2012 . Understanding the nature of bird collisions is essential for minimizing them. Problems of collisions with power lines can be divided into four main categories generally based on factors of origin, namely from the biological, topographical, meteorological and technical perspective (APLIC 2012) .
Electrocution and collisions are still an important, continuing mortality factor for several bird species, despite the number of mitigation measures implemented worldwide. They represent a biologically significant risk, since for species which are rare or endangered, the loss of a few or even one individual may impact a local population or the overall population's viability (Crowder 2000) .
In Slovakia the problem of electrocution has been the focus for mitigation measures since 1991. The first insulation device was designed by the NGO named SVODAS (since 2004 Raptor Protection of Slovakia) in cooperation with the State Nature Conservancy of the Slovak Republic, in the form of plastic combs preventing birds from perching on poles, and was installed in 1993 in Mala Fatra mountains. Since then many other solutions have been designed and tested. Deaths from collisions were identified sporadically by local experts, rescue stations or in field surveys carried out under small projects until 2009. The first field research focusing exclusively on collision mortality was held in 2010 in Ondavská rovina Special Protection Area (hereafter SPA). The results proved the need for a systematic approach and further study of the topic. Especially for this reason, the LIFE Energy project was designed and started being implemented in 2014.
In this study we present the results of field monitoring of bird mortality on 22 kV and 110 kV lines in 13 Special Protection Areas (SPAs) and their adjacent areas in Slovakia. The main objectives were to analyse the risk of distribution power lines for different bird species and compare electrocution and collision mortality rates on different pole types/designs, power line constructions, and then to propose protection measures against electrocution. It was the largest scope of systematic survey and evaluation conducted on this topic so far in Slovakia. In our study we also aimed to investigate which bird species were affected by collisions and electrocutions, how different pole designs could influence the rate of electrocution mortality, which bird protection measures were effective, and whether power line design could influence the risk of possible collision. Preliminary results from our findings have been published in studies by Gális et al. (2016 Gális et al. ( , 2017a Gális et al. ( , 2017b Gális et al. ( , 2018a Gális et al. ( , 2018b .
Material and methods S t u d y a r e a The field survey was carried out in 13 SPAs and their adjacent areas: Záhorské Pomoravie, Dunajské Luhy, Lehnice, Kráľová, Ostrovné lúky, Dolné Považie, Parížske močiare, Poiplie, Slovenský kras, Košická kotlina, Ondavská rovina, Medzibodrožie, Senianske rybníky, taking in an area of approximately 8,685 km 2 , including 2,250 km 2 within SPAs. All SPAs are located in the southern part of Slovakia ( Fig. 1 ), mainly in lowland agricultural landscapes (except for the Slovenský kras karst area). The selected surveyed area is of high avifaunic importance for birds using the area for breeding, roosting, during migration and/or foraging habitats (Karaska et al. 2015) . Intensive agricultural use has led to a decrease in tree growth resulting in increasing preference of birds of prey for electricity pylons (APLIC 2006) , especially in rural areas.
A considerable part of the national population of imperial eagle (60% of all pairs) and saker falcon (80% of all pairs) together with many other raptors, water and wetland species are concentrated within this area. The project area is also an important human settlement area, which has led to electrification with the potential for causing significant bird mortality. The occurrence of many wetlands, marshes, rivers, lakes and ponds separated by these power lines represents great exposure to collision, especially for wetland bird species. P o w e r l i n e c h a r a c t e r i s t i c s Electric power is delivered within Slovakia via two main groups of power supply operators. One national transmission company, the Slovak electricity transmission system (SEPS) operates a grid of app. 2,300 km of high and extrahigh voltage lines (220 kV and 400 kV). Three regional 22 kV and 110 kV distribution service providers (Západoslovenská distribučná, a. s., Stredoslovenská distribučná, a. s. and Východoslovenská distribučná, a. s.) operate 30,970 km of medium and highvoltage lines. Two types of distribution power lines with a total length of 6,235 km cross the project area; a single/double circuit 22 kV line and single/ double circuit 110 kV line (with one earth wire above the phase conductors).
M o r t a l i t y s u r v e y s
Two periods of field survey were carried out between the years 2014 and 2016). During the first field study period (12/2014-03/2015) 6,235 km of 22 kV (5,211 km) and 110 kV (1,024 km) power lines were surveyed once in the project area for bird carcasses and for technical data about pole and pylon construction. The data collected in this period were used to assess mortality rates comparing different species and poles construction. The buffer for the survey was defined as a distance of 10 m from the edge conductor in the case of 22 kV and 25 m in the case of 110 kV lines. The survey was conducted by one trained field assistant for 22 kV and two assistants for 110 kV walking in parallel with the electricity line. Walking in zigzag pattern was carried out only in high and dense vegetation or crops. The slow, regular pace used during the survey optimized the results and decreased the searcher bias. Trained field assistants were also paid for each carcass found, to be motivated to survey the area properly.
The location of each bird carcasses or remains found was recorded by GPS device and described with eight parameters [identification by species or in the most precise taxonomic category possible, sex and age (if possible), cause of death (electrocution, collision, other or unknown cause of death), distance and direction to the pole and conductors, description of visible injury, stage of carcass decomposition, effect of scavengers]. Data were accompanied by a photo of the whole carcass, injuries and location with regard to the closest pole/ pylon. For bird collision victims, the location and distance from the wires were recorded to identify the possible effect of power line orientation on collision mortality. For each electricity pole and pylon, special technical data were collected together with other abiotic and biotic factors about the surrounding land use, landscape structure and habitat important for birds. The information recorded for every single pole included: GPS coordinates, type (position in the line), number of circuits, material of pole/pylon (concrete, metal or wood), number of poles, number of vertical separation of wires, number of cross arms, type of crossarm, number of insulators per conductor, position of insulators, presence and type of insulators and their current quality state (O.K., damaged or wrong application). The presence and position of jumpers were also noticed. All poles/ pylons were photographed for verification of the data collected in the field. All detected bird carcasses were removed from the area during the first period of field survey to prevent double counts in the second (detailed) survey. All gathered data were processed and used as inputs for special collisionrisk methodology (Šmídt et al. 2019) to select the power lines for intensive survey within the second field period.
In the second field period (04/2015-02/2016) a survey was conducted once on the same length of power lines investigated in first period (6,235 km). In addition, intensive surveys were conducted at onemonth intervals on power lines identified as the most dangerous for birds to collide with, based on the results from the first period of field survey and collisionrisk methodology. During these surveys, an area with a buffer zone of 20 m + the base of each pole (for 22 kV) and 50 m (for 110 kV) from the edge of the power lines was surveyed for bird carcasses. All identified bird carcasses were removed from the area to prevent double counts. All birds found within a radius of 3 m from the poles with or without evidence of burn marks on feathers, feet or bill were considered as electrocuted. Birds found under or close to the phase conductors were considered to be victims of collisions. The body condition of bird carcasses was also taken into account, to estimate the possible date of death.
Altogether 81 field assistants were trained by ornithologists and GIS experts during two theoretical and practical training sessions, and several field meet-ings were held to ensure proper survey data collection together for both reporting periods. The experts (in the role of supervisors) joined the field assistants during the initial field surveys to decrease searcher bias and ensure proper data collection and transcription. A survey monitoring protocol was designed and used. If relevant, nearby tree and shrub growth was inspected up to 100 m from the border of the surveyed buffer zone, because injured birds often move themselves or are moved by predators. All gathered data were verified, revised by experts in ornithology and recorded in an offline database. Additionally, the size category of the species: small (wingspan 20-50 cm), medium (51-120), large 121-230 cm) was identified, and it was assigned to one of the orders (waders, anglers, birds of prey/owls, pigeons, ravens, ducks/geese/swans, short-winged birds, cuckoos/swifts, songbirds and mercenaries). Monitoring was carried out only in suitable weather and site conditions, to avoid searcher bias in some crops or in unfavourable weather. The majority of the field visits was concentrated in the period when most crops were already harvested and the vegetation in the open landscape was low (the field survey was stopped if the vegetation was higher than the ankle, to reduce observer error mainly regarding small birds). Only records of carcasses showing confirmed interaction with a power line (death or injury) were selected for postprocessing and subsequent statistical analyses. Individuals in an advanced stage of decomposition were excluded from further data analysis (it was not possible to determine the cause of death). Data from this survey were used to calculate the relative mortality rate for electrocution and collision, the effects of different types of pole construction, and the efficacy of alreadyinstalled protective measures against electrocution. D a t a a n a l y s i s The main objective of the statistical analysis was to determine the risk of individual types of electricity poles and pylons to birds, namely: (i) the risk of electrocution caused by direct contact; and (ii) the risk of collision. The parameters of the power line are given by the poles or pylons holding the wires along it. For the purposes of evaluation, therefore, each record of interaction was assigned to a particular pole or pylon, both in the case of electrocution as well as collision. The dataset analysed consisted of 64,649 utility poles and pylons (60,925 of 22kV and 3,724 of 110kV), under 3,156 of which at least one dead bird was recorded. In total, 4,363 animal carcasses were found during the first and second field study periods together, almost all of which (> 99% of cases) were birds. 110 kV lines killed birds exclusively by collision (carcasses assigned to 186 pylons). For each type of pole/pylon a mean risk value was calculated using Blaker's exact confidence intervals (95%) for binomial distribution (Blaker 2000) . These confidence intervals are symmetrical around the mean value and provide information on mean variability, which in our case allowed us to identify statistically significant differences in risk between different types of poles and pylons. The calculation could only be carried out under the condition: (i) that at least one record of incident was assigned to the specific type of pole/pylon; (ii) the sample size was above 10 poles/pylons in the dataset. Blaker's confidence intervals were then visualized using barplots, where the top of the bar corresponds to the mean risk value and the vertical line represents the 95% confidence interval for that mean value. By comparing the overlap of confidence intervals, statistically significant differences in risk rates can be determined. Subsequently we used the sorting algorithm "kmeans", which divided the utility poles into five groups according to the level of risk for birds (low, p kill = 0.04 ± 0.02; lowmedium, p kill = 0.12 ± 0.03; medium, p kill = 0.21 ± 0.03; mediumhigh, p kill = 0.37 ± 0.05; high, p kill = 0.57 ± 0.09). The same approach (but without the use of "kmeans") was followed in further analyses taking into account the differences in risk for birds with regard to the type of pole, presence of jumper wire, size and ecological group of the killed bird and type of protection). All statistical calculations were performed in the R language 3.6.1 environment (R Core Team 2019) using the "MASS" (Venables & Ripley 2002) and "PropCIs" libraries version 0.30 (Scherer 2018) . In the second part of the statistical evaluation, the aim was to allocate zones with a high incidence of bird mortality due to electrocution for individual geographical areas (socalled "death zones"). For this purpose, we applied 2DKernel density estimation to the geographic coordinates of the recorded mortality incidents, and then projected the results onto a map ("kernels for individual areas").
Results
In total 4,353 victims were identified under all surveyed power lines. For 3,900 individuals belonging to 84 species it was possible to determine the cause of death (Tab. 1). Descriptive analysis showed that 22 kV lines killed birds in both ways, i.e. by electrocution (2,096 poles) and by collision (588 poles/pylons, whereby electrocu-tion was much more common (χ 2 = 847.24, df = 1, P < 0.001). 110 kV lines killed birds exclusively by collision (carcasses assigned to 186 pylons). The majority (76.72% 2,992 ind.) was killed by electrocution, and 23.28% (908 ind.) solely due collision with wires. In the case of 451 carcasses it was not possible to determine the cause of death due to their advanced stage of decomposition. Two instances of beech marten (Martes foina) and eight other Martes sp. individuals were also recorded as electrocuted.
The social value of the individuals found either electrocuted or dead after collision was calculated based on Law No. 543/2002 Coll., and amounted to 2.2 million euro in total. Based on the same law the amount can be increased by 300% if the incident is recorded within an SPA. In that case the total amount of social value/ damage caused to nature would be 3.6 million euro.
The frequency of bird mortality from electrocution and collisions had two main peaks (Fig. 2) . During spring the peak was in March and during autumn in September for electrocution. For collision, the peak was recorded in March (huge presence of mute swans on oil seed rape fields and spring migration) and in September (autumn migration). Such seasonal trends depend on migratory activity, density of bird populations and prey availability in the area around the power lines. During winter (December-January) and early summer (May-June), incidents were less common. Seasonal distribution was compiled from bird carcasses in all stages of decomposition and for both periods (12/2014-03/2015 and 04/2015-02/2016) of field surveys.
E l e c t r o c u t i o n m o r t a l i t y After checking 60,296 poles, we identified 2,992 individuals killed by electrocution belonging to 35 bird species and 10 bird orders. Only mediumvoltage lines (22 kV) were responsible for electrocution, and these lines killed birds primarily by electrocution rather than collision (χ 2 = 847.24, df = 1, P < 0.001). Fig. 3 shows the mortality for different taxonomic groups. Birds from the family Corvidae are listed separately from the other Passerifоrmes. The number of carcasses found under a single pole varied from 1 to 24 (recorded under a metal branch pole).
The common buzzard (Buteo buteo) was the most common bird of prey detected and was associated with 85.39% (1,023 ind.) of all identified electrocution of raptors (n = 1,198), in 34.19% of all electrocutions and in 26.23% of all recorded bird carcasses (electrocution + collision). Second highest mortality was observed for the Eurasian magpie (Pica pica) with 20.08% (601 ind.) and third for the hooded crow (Corvus cornix) with 7.08% (212 ind.).
During the field survey (12/2014-2/2016) six carcasses of imperial eagle and eight of saker falcon were identified under 22 kV poles as a result of electrocution. In our study we also use the reported data from the period after the field survey (3/2016-9/2019) but only if During the field survey 61,328 22 kV poles were surveyed and finally 60,926 poles were included in the statistical analysis.
Sorting algorithm "kmeans" was used to divide the utility poles into five groups according to the level of risk ( Fig. 4 ) for birds (low, p kill = 0.04 ± 0.02; lowmedium, p kill = 0.12 ± 0.03; medium, p kill = 0.21 ± 0.03; mediumhigh, p kill = 0.37 ± 0.05; high, p kill = 0.57 ± 0.09).
Five types of basic pole configuration (position and main type of console design) were identified ( Fig. 5 ). Utility poles with one horizontal crossarm and one/two pin insulators per conductor were the most numerous type in the 22 kV grid in our study area (60.08%) and were responsible for 42.04% of electrocuted individuals (0.03 carcass/pole). Poles with complex construction, such as corner or branch types with several levels of crossarms, pininsulators and combination of jumper wires, were the most dangerous; such types only formed 12.52% of all 22 kV poles but were responsible for 34.72% of electrocution mortality (0.13 carcass/pole). The correlation between pole configuration and bird mortality was statistically significant comparing different types of pole designs (Fig. 6 ).
For better perspective and risk assessment, all bird victims of electrocution were grouped in three main size categories; small, medium and large (22 kV) ( Fig. 7) . Medium and large bird species groups were composed mainly of birds of prey, owls and corvids. Presence of jumper wires can increase the potential for avian electrocution due to the proximity between these energized parts (Ferrer et al. 1991 , APLIC 2006 . Ex-posed jumper wires were used mainly on corner and branch poles or on some poles in straight line (Fig. 8) .
The risk increases especially if jumper wires are located above the crossarms (Fig. 9) .
In the end we did not observe statistically significant differences in risk rate between types of jumper wires (i.e. overlapping confidence intervals). Wide confidence intervals are an inevitable consequence of smaller sample size, so we cannot fully exclude the possibility that their true risk rates differ. Some difference between risk rates could be at least partially deduced from estimated values of mean risk rate (height of bars).
Of all surveyed 22 kV poles, jumper wires in the upper position were identified in 4.5% (2,672 poles) but were responsible for 19.25% of all electrocution mortality. Vertikálne čiary prechádzajúce stredom každého stĺpca vyjadrujú Blakerove 95 %tné intervaly spoľahlivosti pre priemernú hodnotu rizika. Všetky stĺpy s prítomnými preponkami predstavujú pre vtáky vyššie smrtiace riziko a bežný stĺp na priamej línií bez nich. Veľmi široké intervaly spoľahlivosti u niektorých typoch stĺpov sú spôsobené menším (reálne existujúcim) počtom takýchto stĺpov v skúmanom území (t.j. menšou vzorkou použitou pre výpočet). Skratky: P1 -bez preponky, P2 -preponka vedená strednou fázou cez jeden izolátor, P3 -preponka vedená krajnou fázou cez jeden izolátor, P4 -preponka vedená strednou fázou cez dva izolátory, P5preponka vedená strednou fázou cez dva izolátory a krajnou fázou cez jeden izolátor, P6 -preponka vedená strednou a krajnou fázou cez jeden izolátor, P7 -preponka vedená všetkými fázami cez jeden izolátor. 13.64% of carcasses were located under poles which were retrofitted properly. Possible risk of electrocution was separately evaluated for (i) the most common 22 kV distribution pole (A, B) with a design of one/two insulators per phase conductor without retrofitting (ii) the first used (E, F) and (iii) the most common (C, D) protection measures (Fig. 10 ). Statistically highest risk was identified for utility poles without insulation compared to the poles with present (safe perching or perch discourager) insulations. Utility poles with one phase per conductor posed higher risk than poles with two insulators per conductor. Lowest risk was identified for protective products which allow birds to perch safely on the crossarm or on top of the product in comparison to products used as perch discourager (Fig. 11 ).
Different types of protective measures were also evaluated depending on the identified bird mortality for all species and separately for birds of prey (Tab. 2).
Not only the insulation products, but also changes in pole construction and position of pininsulators and thus jumper wire location, could be rated as effective mitigation measures against electrocution. The most effective solution not only in Slovakia appears to be complete replacement of the construction with a new type, socalled Antibird and Ecobird consoles (Fig. 12 ). They are both effective thanks to the shape of the console (45° angle of the arms) (Škorpíková et al. 2019) . Another option is a suspension construction with hanging jumper wires.
Spatial distribution of the poles with recorded mortality incidents can help optimize the application of mit- igation measures considering the risk of electrocution. This visualization (Fig. 13) can be used by power supply companies to focus their attention on the main "hot spots" with the highest risk of mortality. Anseriformes and Passeriformes made up 54.62% of all identified collisions taken together. The percentage of raptors and corvids (3.85%) colliding with power lines was small, compared to electrocuted individuals (45.88%). In our results, the mute swan (Cygnus olor) was the most common bird detected with 20.8% (189 ind.) of all identified collisions (n = 908). The second highest mortality was observed for the common pheasant (Phasianus colchicus) with 13.2% (120 ind.) and third for the common blackbird (Turdus merula) with 6.3% (58 ind.).
In addition, habitats with oilseed rape fields played an important role in this high mortality, especially if the power line was located close to such habitats (Fig. 15 ).
During our field survey the exact position of bird carcasses was recorded, to test the question whether the position of power lines relative to the cardinal points could influence bird mortality. Most carcasses (43.72%) were located directly under the wires, so field assistants were not able to identify the exact direction of flight from their position. For the carcasses where the position could be identified, the prevailing trend was to the south (20.48%) or north (18.17%) from the power lines ( Fig.  16 ).
I n f l u e n c e o f t h e n u m b e r o f c o n d u c t o r l e v e l s
Risk of collision for different vertical levels of medium voltage power lines (22 kV) vs. high voltage power lines (110 kV) was evaluated. Power lines of 110 kV pose higher risk than lower 22 kV lines (Fig. 17) .
Discussion
Of the 4,353 victims identified under all surveyed power lines, the majority of them (76.72%, 2,992 ind.) was killed by electrocution, with 23.28% (908 ind.) due to collision with wires. 14 out of all 84 detected species are listed in the Red List of birds in Slovakia (Demko et al. 2013) . In Bulgaria very similar results were obtained. numbers and variety of bird mortality composition were identified in the Czech Republic. Electrocution was responsible for 88.24% of bird carcasses and collision for only 11.8% (Škorpíková et. al. 2019) . Their field survey was carried out on a length of 6,429 km/76,432 poles of A B C Fig. 13 . Examples of possible visualization of incidence of bird mortality for specific areas (kernels for individual areas). Results of analysis suggest that incidences of electrocution tend to be concentrated in specific areas. Obr. 13. Príklady možnej vizualizácie relatívnej frekvencie úhynov v skúmanom území (kernelové hustoty zachytávajúce frekvenciu úhynov pomocou farebnej škály). Výsledky týchto priestorových analýz naznačujú, že úhyny môžu byť v krajine koncentrovane do špecifických zón (tzv. "zóny smrti").
22 kV power line. During the survey 1,326 bird carcasses of 60 species and 12 orders were found. The results of many studies also suggest that small bird carcasses disappear earlier and in a higher proportion than larger birds, often leaving few or no remains (Prosser et al. 2008 , Ponce et al. 2010 . These results were also confirmed in our observations by only occasional finds of small bird remains (feathers, bones). The real number of small bird carcasses is therefore most probably underestimated. Mortality rates can vary by season (Bevanger 1995 , Harness & Wilson 2001 , with expected higher mortality rates for migratory birds during spring and fall migrations, and also for resident bird species (Loss et al. 2014) . Given the characteristics of this study in which the majority of poles and pylons were only checked once in order to obtain a mortality range for the whole surveyed area, the data cannot be adjusted for total mortality rates with season patterns. Due to this limitation of our survey, we could expect that some utility poles or power line wires killed a large number of birds during the spring or fall migration periods, but since they were inspected only once and outside of these "high mortality rate" periods (therefore with zero mortality), these poles/wires appear to be safe for birds. Strong correlation was identified between the spatial distribution and the riskiness of the utility poles. Zones with high incidence of bird mortality for individual geographical areas (socalled "death zones") were prepared. Observed electrocution incidence showed a patchy distribution across the study area, with high values in some specific areas. Our spatial analysis suggests that incidences of electrocution tend to be concentrated in specific areas. Bird mortality rates are not evenly distributed throughout the study area, suggesting the possible effect of spatiallyrelated electrocutions. This clustering effect could be a result of different landscape composition and in the case of raptors also of the presence of prey sources.
The presence of identified bird carcasses may not reflect reliably the results of bird mortality surveys realized on range of 6,235 km of power lines.
We did not calculated correction factors for observer efficiency and scavenging rates influenced by season, vegetation type and habitat. The number of birds scavenged by predators (birds of prey, jackals, foxes, dogs and cats) was not assessed and monitored in our study, 
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although carcass removal by scavengers often biases the mortality surveys (Ponce et al. 2010 ) in very high initial removal rates among smaller carcasses, most of which disappeared within the first days (Prosser et al. 2008 ).
The estimated mean mortality of birds killed on power lines in this study should therefore be considered as a minimum estimate. Additionally, some authors have recommended against making generalizations on total mortality rates for large geographical areas (Moleón et al. 2007 , Guil et al. 2011 ).
E l e c t r o c u t i o n m o r t a l i t y Altogether 2,992 individuals were killed by electrocution solely on 22 kV poles (60,296). Electrocuted birds were found below 3.5% (2,016 poles) of 22 kV poles.
For example in a study undertaken in Spain ), a dead bird was located under 5.3% of power poles. Very similar numbers are reported in Bulgaria, where electrocuted birds were concentrated under 4.6% of all surveyed poles (Demerdziev et al. 2009), and only 1.24% of all poles (718 pylons with 826 electrocuted birds) were responsible for mortality in a study carried out in the Czech Republic (Škorpíková et al. 2019 ). According to our results, the number of dead birds per year and per utility pole was estimated as 0.05. A very similar number was presented in a study by Loss et al. (2014) , with a median annual rate of 0.03 birds per distribution pole.
Power lines cause a large proportion of mortality for some species, especially raptors (Harness & Wilson 2001 , Guil et al. 2011 . Corvids and birds of prey often use poles for roosting or hunting, as they are often the tallest structures in grassland and open agricultural land (APLIC 2006 , Demeter et al. 2018 ). These two groups are therefore often evaluated together. Corvids and birds of prey represented 85.25 % of all identified electrocutions in our study. Raptors were associated with 40% of all identified victims of electrocution. In Bulgaria, crows and birds of prey represented more than 53% of detected electrocutions (Demerdziev et al. 2009 ), while in the Czech Republic this percentage is even higher, up to 87.77% (Škorpíková et al. 2019) . Our results are similar to those in other studies, such as Bayle (1999) in France where corvids and birds of prey made up 85% of electrocution records, and a study in Spain, where crows and birds of prey represented more than 80% of all identified electrocutions (Guyonne et al. 2001) .
In our results the common buzzard was the bird of prey most frequently detected, and was involved in 85.39% (1,023 ind.) of all identified raptor electrocutions (n = 1,198), in 34.19% of all electrocutions and in 26.23% of all recorded bird carcasses (electrocution + collision). Second highest mortality was observed for the Eurasian magpie with 20.08% (601 ind.) and third for the hooded crow with 7.08% (212 ind.). Very similar composition of bird carcasses was published by Škorpíková et al. (2019) . The common buzzard was the most frequently detected victim of electrocution (39.48%) followed by the Eurasian magpie (17.55%) and common kestrel (Falco tinnunculus) (13.89%). Based on the results of , most common casualties in Spain were the common raven (Corvus corax) (16.0%), jackdaw (Corvus monedula) (10.2%) and common buzzard (7.7%). In Hungary, of all identified electrocutions (n = 2,777) the common buzzard was the most often detected victim (18.9%), followed by the Eurasian magpie (13.8%) and white stork (Ciconia ciconia) (13.6%) (Fidlóczky et al. 2014 ). During the monitoring in a recent study done in Hungary (01/2004-12/2014), volunteer researchers surveyed 57,486 pylons. 3,400 bird carcasses of at least 79 species were identified as electrocuted (Demeter et al. 2018) . Due to relative similar types of pylons in the listed countries (Slovakia, Czech Republic and Hungary), the different proportions of electrocuted species most likely reflect the differences in composition of bird populations in the surveyed habitats. Probably in most of our cases, the electrocution of small Passeriformes and Columbiformes occurred when these perched in higher numbers on support (pin) insulators or close to exposed jumper wires located on branch poles and transformers. This relatively small unprotected area can be lethal for this group of birds.
In our study, two endangered species were also separately evaluated as victims of electrocution, identified during 12/2014-09/2019: the imperial eagle (16 identified carcasses) and saker falcon (14 identified carcasses). The imperial eagle population was composed of at least 90-95 breeding pairs and for the saker falcon 30-32 breeding pairs for the whole of Slovakia (Chavko 2018) . Both are endangered especially by human activities, but one of the main causes of mortality is electrocution on distribution power lines (Heredia 1996 , Bagyura et al. 2002 , Nagy & Demeter 2006 , Karyakin et al. 2009 , Chavko 2010 , Horváth et al. 2011 , Prommer et al. 2012 , Kovács et al. 2014 , Nemček et al. 2014 , Demeter et al. 2018 .
Young imperial eagle and saker falcon individuals are especially common victims of electrocution in Slovakia (Nemček 2014 , Veselovský 2018 , corresponding to results from other countries (Prommer et al. 2012 , Kovács et al. 2014 , Stoychev et al. 2014 . Proximity to nests of noninsulated mediumvoltage poles poses a fatal risk for many young and inexperienced birds with lower ability to fly, as they try to take offor land on poles (APLIC 2006) . Many of the nesting pairs of saker falcon and imperial eagle have gradually resettled from the foothills to the neighbouring agrocenoses, with higher risk of possible electrocution and/or collisions (Danko & Chavko 2002 , Chavko 2002 , 2010 . The negative impact of electrocution on endangered raptors, with many other direct and indirect mortality factors, can lead to great reduction in population strength and density. This is especially for species where the loss of a few or even one individual may impact a local population or the overall population viability (Crowder 2000) .
Necessary mitigation measures were also adopted by distribution powerline operators during the LIFE Energy project; one third of mediumvoltage poles around the nests of both species were insulated with effective plastic devices to eliminate electrocutions. Moreover, jumper wires were relocated to new underslung and thus safe positions. This was also done on metal poles during the LIFE Energy project.
Corner and branch poles were significantly more dangerous for birds than utility poles in straight lines. Bird mortality was lowest for powerline switch disconnectors and poleborne transformers, which are often situated at the edges of human settlements or are part of urban/industrial areas, with lower presence of birds. Corner and branch poles on mediumvoltage lines were also identified as the most dangerous in a survey done in the Czech Republic (Škorpíková et al. 2019) . Similar results are reported also in Bulgaria: metal branch poles featuring jumper wires accounted for 54.3% of total detected electrocution mortality (Demerdziev et al. 2009 ). Anchor poles in particular have been shown to pose a significant electrocution risk to birds, particularly due to the configuration of the jumper wires (Dixon et al. 2013 (Dixon et al. , 2017 (Dixon et al. , Škorpíková et al. 2019 .
Medium and large bird species were significantly affected, as they are more likely to make simultaneous contacts with unprotected parts of the pole construction (Dwyer & Mannan 2007 , Dwyer et al. 2015 . These results are in strong correlation with our findings, as corvids and birds of prey made up 85.25% of all identified electrocutions. The proposed mitigation measures should therefore be generally focused especially on mediumsized birds and on corner and branch pole types. Medium and large perching birds can easily bridge the gap between wires, consoles and jumper wires, which are in much closer proximity on corner and branch poles. The electrocution of large birds such as raptors, owls and corvids can also cause damage and sometimes result in interruption of power distribution. Large electrocuted birds (eagles, storks) very often remain in place, resulting in failure of the circuit as the operating system tries to reenergize the grid.
Electrocution may occur even on retrofitted poles. The current quality status of already installed bird protective measures (O.K., damaged or wrong application) was also evaluated and compared with mortality due to electrocution. The highest percentage (78.24%) of bird carcasses were found under nonretrofitted poles. The rest consisted of 5.05% under poles with a damaged product and 3.07% under poles where the product was installed incorrectly.
The risk of possible electrocution is significantly higher on utility poles without insulation, especially for construction types with one pininsulator per phase conductor. Plastic insulators which allow birds to perch safely on the console are more effective than plastic combs. Plastic combs (green or black) were the first and became the most widelyused bird protection measure in Slovakia. Many medium and large bird species were found electrocuted under a pole with a comb installed during our study, even if the product was in good condition and still fully covering the console. More species were electrocuted on damaged combs, especially if the remains of the product were located in the middle of two insulators, forcing birds to perch closer to the phase conductors or other energized parts. In the Czech Republic (Škorpíková et al. 2019) this protection measure was also replaced for being noneffective. A study by Dwyer et al. (2017) evaluated 52 retrofitted poles where 56 birds, including 17 golden eagles, were electrocuted due to incorrect installation of the product. The products used to mitigate the electrocution risk should be made from durable, longlasting materials and should be installed properly to ensure protection of birds. If they are damaged or incorrectly installed, they are useless and more dangerous than noninsulated poles.
C o l l i s i o n m o r t a l i t y Altogether 72 bird species and 14 bird orders were identified as victims of collision in our study. Anseriformes and Passeriformes made up more than half of all identified collision victims together. The percentage of raptors and corvids colliding with power lines was very small, compared to electrocuted individuals. The highest mortality (23.2%) was recorded for the mute swan. These results were not surprising, because large birds with slow manoeuvrability (high wing loading and low wing aspect ratio) are especially vulnerable to collision (Bevanger 1998 , Erickson et al. 2001 , Crowder & Rhodes 2002 , Manville 2005 . For this reason swans are among the commonly recorded victims (Perrins & Sears 1991 , Brown 1993 , Mathiasson 1993 , Frost 2008 , Kelly & Kelly 2009 , Gális et al. 2018a , Franson et al. 2019 . Other studies have shown very similar or higher numbers of casualties for the mute swan, accounting for 30-40% of all recorded deaths in Coleman et al. (2001) , and up to 46% of deaths in study by Spray (1991) . Many reports of mute swan collisions with power lines are available from the United Kingdom. The study by Frost (2008) presented a significant level of mortality in spring for mute swans colliding with overhead 132 kV power lines. The study by Perrins & Sears (1991) showed that 22% of all reported carcasses of swans were the result of collisions with wires. In Sweden between 19-38% of ringed mute swans were killed by collision with electrical wires (Mathiasson 1993) . One input factor which could influence bird collision susceptibility (though not a significant factor in determining the risk of collision) is elevated blood lead level. Studies by Kelly & Kelly (2009) suggest that mute swans with elevated but moderate blood lead levels suffer an increased risk of collision, while those with intermediate to high levels have a much reduced risk of collision, possibly because they are too weak to fly. The large number of dead mute swan individuals in our study area was probably a result of their behaviour, as they fly mainly in flocks. They also require long stretches for takeoff and landing. Moreover, species with narrow visual fields (e.g. swans, ducks, herons) are at higher collision risk as they can not see the wires from a certain angle (Martin & Shaw 2010 , Martin 2011 .
Positive effect of the height of tree growth on collision probability was identified during our field survey. On one particular 22 kV power line with a total length of 600 m, of which 250 m was in the neighbourhood of trees, all collisions (18 mute swans) were recorded only on the remaining 350 m without the presence of nearby tree growth producing a lower probability of collision. The correlation of presence of nearby tree growth was studied by Bevanger & Broseth (2004) , where collision spots generally had lower trees compared to places with tall trees alongside power lines, which were without any recorded collisions.
Although different bird species fly at differing heights above the ground, there is a prevailing consensus that the lower powerline cables are to the ground, the better they are for preventing bird collision. There is also a consensus that reduced vertical separation of cables is preferred as it poses less of an "obstacle" for birds to collide with. Horizontal separation of conductors is therefore preferred (Prinsen et al. 2011) . Based on our findings, 110 kV power lines pose a higher risk than lower 22 kV lines.
Increasing the number of conductor levels leads to higher risk of possible collision. Our results are in line with those of many studies (Drewitt & Langston 2008 ). On the other hand, the effect of vertical levels was not in correlation with collision rates in studies by Infante et al. (2005) and Neves et al. (2005) . Higher risk could be correlated with the presence of a shield wire on 110 kV lines. It is the highest wire and can be difficult for birds to see (APLIC 2012) because of its small diameter compared to phase conductors. The number of vertical levels can pose greater risk, but many studies reporting the positive/ negative effects of number of vertical levels of wire were reviewed in the excellent study by Bernardino et al. (2018) , where the authors conclude that there is little scientific evidence in support of these effects due to the practical difficulties involved in testing them (APLIC 2012) .
Orientation of power lines relative to biological characteristics (e.g. flight behaviour, season, habitat and habitat use) and environmental conditions (e.g. topographical features and weather patterns) can also influence collision risk. Brown (1993) suggested that northsouth orientation of lines increased collision frequency for cranes and waterfowl in the San Luis Valley, Colorado, because birds crossing them on an easterly heading were often subjected to prevailing westerly winds. More studies from different sites are needed to test whether or not the risk of collision could be increased by sun glare, as bird collision risk could also be correlated to sun glare, mainly when birds undertake flights over lines oriented in westeast pattern. The carcasses whose position could be identified in our study, and whose prevailing position was south or north from power lines, could indicate that birds flying in north south direction, and thus into the sun, could be blinded by the glare and thus collide with the wires. Just after sunrise and before sunset the sun can shine directly into birds´ eyes, leaving many flying into a glare. This glare can make it much harder to see power lines ahead, turning them into potential hazards creating an added risk for birds.
Conclusions
The main focus of this study was on collision and electrocution, to recognize the range of the problem and its relevance for different bird species, power lines and pole/ pylon designs. The field monitoring was the most comprehensive and systematic study of its kind ever carried out in Slovakia. The majority of all identified bird victims was killed by electrocution, especially corvids and birds of prey (including the endangered saker falcon and imperial eagle). Only mediumvoltage lines (22 kV) were responsible for electrocution and these lines killed birds primarily by electrocution rather than collision. The risk of possible electrocution was correlated to the size of birds. Medium and large bird species were most affected as they consist mainly of birds of prey, owls and corvids, which very often use poles for perching or hunting. Because of their bigger wing span and/or other body parts, larger bird species can easily shortcircuit the energized parts and/or phase conductors on poles compared to smaller bird species. Poles with complex construction, such as corner or branch types with several levels of cross-arms, pin-insulators and combination of jumper wires, were much more dangerous than poles in straight lines, switch disconnectors and poles bearing transformers. The risk of possible electrocution was significant higher for utility poles without insulation than for poles with effective protection devices, but only if they are in good condition and installed in the proper way. The most dangerous mediumvoltage power poles identified in our survey were insulated to prevent electrocution, especially in buffers around the nests of saker falcons and imperial eagles.
Much fewer bird individuals (but more bird species) were killed by collision than electrocution. The incidence of raptors and corvids colliding with power lines was very small, compared to electrocuted individuals and large heavybodied species such as the mute swan, which had the highest mortality rate recorded in our study area. Habitats with oilseed rape fields played an important role in this high mortality, especially if the power line was located close to them. Increasing vertical separation of cables posed more of an 'obstacle' for birds to collide with.
Based on the results from our field survey (12/2014-02/2016), 13 mitigation plans were designed for the project area with recommendations of particular measures for each SPA and neighbouring areas, including the installation of bird flight diverters on sections of power lines with the highest risk of possible collisions. 1,120 km of power lines were included in the group in the highest category (17.9% of all inspected power lines) concerning the relative risk of collision evaluation. Of these, 77 km were given the highest priority and were provided with increased visibility by means of 8,000 bird flight diverters within the LIFE Energy project period.
The risk posed by power lines to birds is still an underestimated reason for their mortality in some countries or areas, and the data are either missing or absolutely insufficient. The bird vs. power line issue is dealt with in a large number of reports and publications from various countries. In some countries only sporadic data have been recorded by local experts and the general public, and up to now the phenomenon of collisions has not been credibly studied and evaluated worldwide. More knowledge about the factors increasing collision and electrocution mortality rates will produce essential guidelines for proper birdfriendly measures in the case of existing and/or for the construction of new power lines. In Slovakia a special legal obligation for this was imposed in 2003, based on Law No. 543/2002 Coll. on the Conservation of Nature and Landscape:
(i) Everyone building or doing a reconstruction of an aerial power line according to a plan is required to use a technical solution which prevents the electrocution of birds.
(ii) If cases of bird mortality are proven on a power line or telecommunications device, the Nature Conservancy Authority can decide that the operator of it must undertake technical measures to prevent such incidents.
Any problems so far have always been resolved after mutual communication. Construction of safer cross arms has been adopted, or they have been insulated to protect birds from electrocution. Diverters are being installed to prevent collisions. Since implementation of the LIFE Energy project, the electricity companies have started considering the protection of birds even prior to (re)construction. The good relationship, cooperation and trust which we have built with the electricity companies are now far more effective, useful and important than the obligations set by the law. 
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